Abstract: An improved genetic linkage map has been constructed for cowpea (Vigna unguiculata L. Walp.) based on the segregation of various molecular markers and biological resistance traits in a population of 94 recombinant inbred lines (RILs) derived from the cross between 'IT84S-2049' and '524B'. A set of 242 molecular markers, mostly amplified fragment length polymorphism (AFLP), linked to 17 biological resistance traits, resistance genes, and resistance gene analogs (RGAs) were scored for segregation within the parental and recombinant inbred lines. These data were used in conjunction with the 181 random amplified polymorphic DNA (RAPD), restriction fragment length polymorphism (RFLP), AFLP, and biochemical markers previously mapped to construct an integrated linkage map for cowpea. The new genetic map of cowpea consists of 11 linkage groups (LGs) spanning a total of 2670 cM, with an average distance of 6.43 cM between markers. Astonishingly, a large, contiguous portion of LG1 that had been undetected in previous mapping work was discovered. This region, spanning about 580 cM, is composed entirely of AFLP markers (54 in total). In addition to the construction of a new map, molecular markers associated with various biological resistance and (or) tolerance traits, resistance genes, and RGAs were also placed on the map, including markers for resistance to Striga gesnerioides races 1 and 3, CPMV, CPSMV, B1CMV, SBMV, Fusarium wilt, and root-knot nematodes. These markers will be useful for the development of tools for marker-assisted selection in cowpea breeding, as well as for subsequent map-based cloning of the various resistance genes. plusieurs gènes de résistance ou analogues de gènes de résistance ont été situés sur la carte. Parmi ceux-ci, on retrouve la résistance aux races 1 et 3 du Striga gesnerioides, la résistance à plusieurs virus (CPMV, CPSMV, B1CMV, SBMV) ainsi qu'au flétrissement fusarien et à la galle des racines. Ces marqueurs seront utiles en vue du développe-ment d'outils pour la sélection assistée de marqueurs chez le niébé de même que pour le clonage positionnel des diffé-rents gènes de résistance.
Introduction
Cowpea (Vigna unguiculata L. Walp.) is an important pulse crop in many areas of the world. In semi-arid West and Central Africa, it is consumed as a pulse and (or) pot herb where it supplements the daily diet of cereals, roots, and tuber foods with good-quality protein rich in lysine, an essential amino acid deficient in cereal grains (Bressani 1985) . Cowpea forage is also used to feed livestock in the Sahel and Sudan Savannah regions.
Cowpea belongs to the genus Vigna Savi. (subgenus Vigna sect. Catiang) in the Phaseoleae (Maréchal et al. 1978) . From a cytogenetic viewpoint, relatively little is known about Vigna species (Saccardo et al. 1992 ). The few studies on the subject have reported a chromosome number of 2n = 22 for Vigna unguiculata (Barone and Saccardo 1990; Pignone et al. 1990; Saccardo et al. 1992 ). Barone and Saccardo (1990) described the karyotype of cowpea as being composed of one very long chromosome and one very short chromosome, with the remaining nine chromosomes being allocated to three groups of intermediate size. On the other hand, Pignone et al. (1990) described 11 chromosome pairs falling into three size groups: five long, five medium, and one short.
The size of the cowpea genome has been estimated at 613 × 10 6 bp (Arumuganathan and Earle 1991) . However, the total recombination length is still unknown. Two linkage maps for cowpea have been previously published. The first map to be constructed was based mainly on the segregation of restriction fragment length polymorphism (RFLP) markers in the progeny of a cross between an improved cultivar and a putative wild progenitor type (Vigna unguiculata subsp. dekindtiana) . The map consisted of 92 markers placed in eight linkage groups (LGs) that spanned a total genetic distance of 684 cM. Subsequently, a second map was constructed based on the segregation of various molecular markers and biochemical traits in an F 9 recombinant inbred population derived from the cross between two cultivated genotypes, 'IT84S-2049' and '524B'. The map contained 181 markers, mostly consisting of randomly amplified polymorphic DNAs (RAPDs), assigned to 12 LGs covering a total of 972 cM (Menéndez et al. 1997) . Using cultivated varieties for this mapping has the advantage of higher utility in cowpea breeding programs because it identifies markers within the cultivated gene pool.
High-resolution genetic maps provide breeders with powerful tools for analyzing the inheritance of genes of interest, for monitoring the transmission of specific genes or genomic regions from parents to progeny, and for map-based cloning of those genes (Kumar 1999; Simpson 1999) . Moreover, the DNA markers present in these maps can often be used in marker-assisted selection strategies capable of increasing breeding efficiency and to overcome some limitations of conventional breeding methods (Young 1999) . Unfortunately, given the low number of markers utilized in their construction, neither of the previous genetic maps generated for cowpea offered a particularly high resolution or utility for breeders.
Recently, we identified AFLP markers tightly linked to different race-specific Striga gesnerioides resistance genes in cowpea (Ouédraogo et al. 2001 ). In the course of this work, we identified selective primer combinations that proved highly polymorphic between the two cultivars originally utilized by Menéndez et al. (1997) in their mapping work. Using 27 selective primer combinations, we were able to generate 242 new markers in this mapping population and place them on an improved map. In addition to these markers, we mapped resistance and tolerance traits for several of the major pathogens and pests known to constrain cowpea production and located a number of resistance gene analogs (RGAs) of yet undetermined biological function (Gowda et al. 2000) . The result is a more extensive map that comprises 11 LGs identifying the location of genes of importance to cowpea production world-wide.
Material and methods

Plant material
A recombinant inbred population of 94 individuals in the F 9 was used as the mapping population in this study. This population was developed by single seed descent from a cross between two breeding lines, 'IT84S-2049' and '524B', and has been described previously by Menéndez et al. (1997) .
DNA extraction
Total genomic DNA was isolated from 2-3 g of leaf tissue according to the method of Varadarajan and Prakash (1991) . The DNA concentration of samples was measured spectrophotometrically at A 260 using a Varian DMS200 spectrophotometer. Concentrated DNA samples were maintained in ethanol at 4°C. Working solutions for AFLP analysis (100 ng DNA/µL) were prepared by dilution of DNA pelleted from stock solutions in TE buffer (10 mM Tris-HCl -1 mM EDTA (pH 8.0)). Dilutions were maintained at -20°C.
AFLP analysis
AFLP analysis was performed as described by Vos et al. (1995) , using the AFLP™ Analysis System I AFLP Starter Primer Kit (Gibco BRL -Life Technologies, Inc., Gaithersburg, Md.), with the following modifications: each of the initial reactions contained 500 rather than 250 ng of genomic DNA and the dilutions used were 1:5 after the ligation of the adapters and 1:25 after the pre-amplification reaction. Sixty-four EcoRI + MseI selective primer combinations were tested for their ability to detect polymorphisms in the two parents of the mapping population ('IT84S-2049' and '524B') . Selective primers are designated by their restriction site (E, EcoRI; M, MseI) and the number and nature of the additional nucleotides (e.g., E-AAC, M-CTC, etc.) Those combinations that generated at least eight polymorphic fragments were subsequently chosen for use in the analysis of the RILs. In addition, primer combinations that yielded polymorphic markers linked to S. gesnerioides resistance genes (see Ouédraogo et al. 2001) were also included. One of the markers linked to two closely linked Striga resistance loci, E-ACT-M-CAA 524 , was used in PCR-based amplification reactions to analyze segregation in the mapping population. Based on the previous identification of the AFLP marker E-ACT-M-CAA 524 (Ouédraogo et al. 2001) , the fragment was isolated from the polyacrylamide gel according the procedure described by Lu et al. (1999) . Re-amplification of the AFLP fragment was carried out in a 40-µL reaction volume containing 4 µL of the recovered DNA and 0.2 µg each of the two unlabeled selective primers E-ACT and M-CAA, using the following reaction conditions: 35 cycles of denaturation at 94°C for 30 s, followed by annealing at 50°C for 30 s and extension at 72°C for 1 min. A final extension cycle of 10 min at 72°C was added to ensure completion of the final amplification products. The amplification product was electrophoresed on a 2% agarose gel to compare the size of the band with that estimated from the AFLP gel. The bands were excised from the agarose gel and the DNA was purified. Purified DNA was cloned as described by Bradeen and Simon (1998) and sequenced on an ABI 373 automated sequencer (Applied Biosystems Foster City, Calif.) using a Taq DyeDeoxy™ Terminator Cycle Sequencing kit (Applied Biosystems) as recommended by the manufacturer. A sequence of 524 bp was obtained from which two specific primers, 24 nucleotides in length, were designed and commercially synthesized (Gibco BRL Life Technologies, Inc., Gaithersburg, Md.). The sequences of the two primers for the forward and reverse primers, respectively, were as follows: 5′-AATTCACTTATGACTGAGCTATAT-3′ and 5′-TAACAAAATTGATTTGTTTGGTT-3′. The primers that detected a polymorphism between the two parents crossed to generate the RILs were used in PCR amplification reactions to determine the segregation of the marker in the mapping population. PCR amplification was performed in 25-µL reactions containing 5 µL genomic DNA (500 ng), 0.5 µM of each primer, 1.5 U Taq DNA polymerase (Promega, Madison, Wis.), 2.5 µL of the corresponding Taq 10× buffer, and 200 µM dNTP nucleotides. The PCR was carried out as described above.
Marker nomenclature and segregation analysis
Different sized AFLP fragments detected by the same selective primer (e.g., E-AAC + M-CTC) were numbered consecutively beginning with 1, with the number 1 being used for the marker with the highest molecular weight. Segregation of each marker was checked using a χ 2 test for goodness of fit to the expected 1:1 ratio.
Linkage analysis and distribution of markers along the map
Linkage analysis was performed using a total of 423 markers. Of these, 181 had been previously described on the same mapping population (Menéndez et al. 1997) , whereas the remaining 242 markers are additional novel markers developed during this work. Mapmaker 2.0 software for Macintosh (Lander et al. 1987 ) was used to assemble the map, and the following conditions were employed. To create linkage groups, LOD scores were decreased stepwise from six to three and the maximum recombination fraction was set to 30%. To determine the most likely order within a linkage group, the "compare" command was used based on the multi-point linkage data with the above cited linkage criteria. The Kosambi mapping function (Kosambi 1944 ) was used to convert recombination frequency into map distance in centimorgans (cM). To confirm the results, this procedure was repeated after removal of markers showing a segregation distortion to generate a framework map. The skewed markers were then placed using the "try" command. To determine if the markers were randomly distributed within a linkage group, a χ 2 test for goodness of fit was used as described by Rouppe van der Voort et al. (1997a) .
Mapping of biological traits
Resistance gene analogs
Genomic DNA fragments encoding variousRGAs were isolated and characterized as described by Gowda et al. (2000) . Location of these RGAs on the cowpea genomic map was carried out by RFLP analysis. In these experiments, 10 µg aliquots of genomic DNA isolated from 'IT84S-2049', '524B', and the 94 RILs (Menéndez et al. 1997) were digested with either EcoRI, EcoRV, or HindIII. Restriction digestion products were separated on 0.8% agarose gels in 1× TAE (Tris-acetate-EDTA) buffer and then transferred to NytranPlus membranes (Schliecher and Schuell, Keene, NH) by alkaline capillary transfer (Sambrook et al. 1989) . The blots were hybridized with [ 32 P]dCTP-labeled hybridization probes prepared from the inserts of the various RGA clones. Prehybridization, hybridization, washing, and autoradiography of the membranes were done according to Gowda et al. (1996 Gowda et al. ( , 1999 . The polymorphic fragments between the two parental lines were analyzed for their segregation using the RILs.
RLRR3-4T and RLRR3-4B correspond to RGAs detected by PCR amplification of genomic DNA using primer pairs based on conserved regions within the leucine rich repeat (LRR) of the Arabidopsis thaliana RPS2 gene that confers resistance to Pseudomonas syringae as described by Chen et al. (1998) . Segregation of the polymorphic fragment recognized between the two lines was analyzed in the RILs.
Viral resistance traits
Blackeye cowpea mosaic potyvirus (BlCMV) is a seedborne pathogen of cowpea that occurs more or less worldwide (Hampton et al. 1997) . One of the parental lines, 'IT84S-2049', has been shown to be immune to at least seven geographically and pathogenically diverse isolates of BlCMV, whereas the other parental line, 524B, was susceptible to BlCMV and exhibited systemic viral multiplication as detected by ELISA (enzyme-linked immunosorbent assay) (Bashir and Hampton 1996 ; Please note that in this earlier work the authors misidentified 'IT84S-2049' as being 'IT80S-2049').
Four seeds of each of the 94 RILs, two parental lines, and 'Coronet' (susceptible control) were sown in pots and the plants were grown in an insect-free greenhouse. When the unifoliolate leaves were fully expanded they were mechanically inoculated with an extract from BlCMV-infected leaves of cowpea in 0.025 M phosphate buffer (pH 7.2) containing diatomaceous earth as an abrasive. One week later the first trifoliate leaf of the plants was mechanically inoculated using the same method. When the third trifoliate leaf was fully expanded, samples were collected from it for ELISA analysis using the direct antigen-coated enzyme-linked immunosorbent assay described by Gillaspie et al. (1995) . Plants were also examined for visual symptoms. The ELISA indicated that viral multiplication occurred in 'Coronet', parental line 524B, and 35 of the RILs but not in parental line 'IT84S-2049' and 59 of the RILs. Viral disease symptoms were observed on inoculated leaves of 'Coronet' and 43 of the 59 RILs that also exhibited systemic viral multiplication, but no symptoms were detected on 'IT84S-2049', the other RILs, or 524B. Mapping was based on the presence or absence of systemic viral multiplication as indicated by ELISA.
To map resistance to southern bean mosaic virus (SBMV), parental lines and RILs were screened for systemic virus multiplication and symptoms using mechanical inoculation as described for BlCMV but with 'Early Ramshorn' as a susceptible control. The ELISA indicated viral multiplication occurred in 'Early Ramshorn', parental line 524B, and 46 of the RILs but not in 'IT84S-2049' and 48 of the RILs. Viral disease symptoms were observed on inoculated leaves of 'Early Ramshorn', 524B, and 37 of the RILs including 4 that did not show systemic viral multiplication. Mapping was based on the presence or absence of systemic viral multiplication as indicated by ELISA.
Stocks of cowpea mosaic virus (CPMV) and cowpea severe mosaic virus (CPSMV) virions were CsCl gradient purified and inoculated to seedling primary leaves at 2 mg/mL. 'IT84S-2049', considered the resistant parent, developed pinpoint red necrotic lesions after inoculation of CPMV and no symptoms after inoculation of CPSMV. ELISA failed to detect either virus in non-inoculated parts of 'IT84S-2049' plants. On '524B', CPSMV and CPMV induced necrotic and chlorotic lesions, respectively, followed by systemic spread in the case of CPMV. CPMV-induced symptoms on each RIL were characteristic of one or the other parental type, and resistance was scored visually. ELISA for CPSMV confirmed visually scored resistance and susceptibility.
Fusarium resistance
Parental line '524B' has resistance to race 3 of Fusarium wilt (Fusarium oxysporum f. sp. tracheiphylum (E. F. Smith) W. C. Snyder & H. N. Hansen), whereas 'IT84S-2049' is susceptible. The resistance of '524B' was most likely inherited from 'California Blackeye No. 3' (CB3) (Rigert and Foster 1987) . Twelve replicate plants of each of the parental lines, six replicate plants of each of the RILs, and CB3 and CB5 as resistant and susceptible controls, respectively, were inoculated with race 3 of Fusarium wilt. A seedling root clip -dip inoculation procedure was used as described by Rigert and Foster (1987) . Seedlings and plants were grown in a glasshouse at 30/20°C (max/min) daily air temperatures. Three weeks after inoculation, plants were scored as being Genome Vol. 45, 2002 resistant (appeared healthy) or susceptible (dead or dying with brown discoloration of the vascular tissue). Parental line 524B, 39 of the RILs, and CB3 were scored resistant, whereas parental line 'IT84S-2049', 53 of the RILs, and CB5 were scored susceptible to the disease and these scores were used for mapping.
Nematode resistance
Parental line 'IT84S-2049' has stronger resistance to several root-knot nematodes (through the presence of the Rk 2 allele) than parental line '524B', which probably inherited its resistance (Rk allele) from one of its parents, CB5 (Roberts et al. 1997) . Fifteen replicate plants of each of the parental lines and four replicate plants of each RIL were screened for their nematode resistance using the growth pouch technique of Omwega et al. (1988) . Between 10 and 14 days after germination, individual root systems were inoculated with about 1500 second-stage juveniles of an Rkvirulent race of Meloidogyne javanica (Treub) Chitwood. At 30 days after inoculation, each pouch was infused with an egg-mass-selective dye (75 mg/L erioglaucine, Sigma Chemical Co., St. Louis, Mo.) and flooded with the dye overnight. In the morning the dye was drained and the number of egg masses was determined visually using an illuminated 10× magnifier. Parental line 'IT84S-2049' had 48 egg masses/root system, whereas parental line '524B' had 153 egg masses/root system. Forty-seven of the RILs had an average number of egg masses per root system that was less than the parental mean, and were designated resistant, whereas 47 of the RILs had an average number of egg masses per root system that was greater than the parental mean, and were designated as being susceptible. These resistant vs. susceptible scores were used for mapping.
Dehydrin protein in seed
The presence of a specific dehydrin protein (DHN1) in cowpea seed has been associated with chilling tolerance at emergence (Ismail et al. 1997 (Ismail et al. , 1999 . Seed of parental line '524B' contain DHN1 that was probably inherited from its parent, CB3, and was not present in parental line 'IT84S-2049'. The parental lines and RILs had been screened for the presence of DHN1 using a western blot analysis by Ismail et al. (1997) and mapped by Menéndez et al. (1997) . The gene encoding DHN1 has been identified and designated Dhn1 (Ismail et al. 1999) . The RILs were assayed by PCR using oligonucleotides that were specific for the Dhn1 gene as described by Ismail et al. (1999) . Seventy-nine of the 94 RILs were assayed by PCR using oligonucleotides that were specific for the Dhn1 gene as described by Ismail et al. (1999 of Dhn1 provided the same classification as had been obtained with the western blot for the presence of the protein DHN1, except for five RILs that had been scored positive for Dhn1 but negative for DHN1. After closer examination, these five RILs were found not to be negative but to have a fainter band than all other RILs that scored positive and were rescored as positive for DHN1, thereby providing 100% agreement. Mapping was based on these slightly modified assignments of RILs based on the combined DHN1 and Dhn1 classification, with 38 RILs containing DHN1 in the seed and yielding a higher MW PCR product and 41 RILs not containing the seed protein and yielding a lower MW PCR product.
Results
Level of polymorphism between 'IT84S-2049' and '524B'
Sixty-four EcoRI-MseI selective primer combinations were tested for their ability to detect polymorphism between the two parental lines of our mapping population, 'IT84S-2049' and '524B'. Of these 64 combinations, 27 detected eight or more polymorphic bands between the parental profiles (Fig. 1) . A total of 2274 fragments were amplified using the 27 primer combinations, with the number of bands detected per primer combination ranging from 61 to 112 (mean number of fragments per primer combination equal to 84) (Table 1) . Of the 2274 bands visualized, 279 (12.3%) were polymorphic between the parental lines, with an average of 10.3 polymorphic fragments amplified per primer combination (8-18 polymorphic fragments). Seven primer combinations detected particularly high numbers of polymorphism (Table 1) . These were as follows: E-AGA-M-CTC (14%), E-AAC-M-CTT, E-AAG-M-CTT, and E-AGA-M-CTA (16%); E-AAG-M-CTC and E-ATC-M-CTA (17%); and E-AAC-M-CTA (20%). Not all of the polymorphic fragments were used in the construction of the map because some AFLP markers were discarded mainly because of difficulties in scoring them on the RILs. In total, 242 markers were mapped and in 62.8% of the cases (152/242) it was the 'IT84S-2049' allele that produced an amplification product.
Segregation of the markers and biological traits
A χ 2 test was performed on the entire set of 259 new markers to verify their segregation ratios. Of the 259 markers, 49 (19.7%) deviated from the expected 1:1 ratio (P = 0.05). In 80% of these cases, the allele that was overrepresented originated from the '524B' parent and in the remaining 20% of cases transmission of the 'IT84S-2049' allele was favoured. A χ 2 test performed on the data for the segregation of the various biological traits revealed that only BlCMV deviated from the expected 1:1 ratio (P < 0.05) Figure 2 shows the improved genetic linkage map for cowpea that integrates the new AFLP marker analysis, the previous mapping data, and markers for various agronomically important traits. A total of 440 markers are included in the map, of which 181 are drawn from the previous map (Menéndez et al. 1997 ) and 259 (242 AFLP and 17 RFLP) are derived from this study. This total includes the markers that showed segregation distortion as these did not exhibit any obvious clustering on the linkage groups. Of the total number of markers included, approximately 98% (432/440) could be assigned to one of 11 LGs that together span 2670 cM. Of these 432 markers, 21 are linked to a specific LG based on two-point linkage data, but had LOD values of marker orders below 2.0 based on three-point data. Eight markers could not be placed on the map because they failed to show significant linkage to any of the 11 LGs at a LOD score of three.
The improved cowpea linkage map
An extraordinary variation in the size of the LGs is observed (Fig. 2) . The largest, LG1, consists of 94 markers and spans 771 cM. At the other end of the extreme is LG11, composed of only three markers spanning 19 cM. Overall, the LGs could be classified into four arbitrary size classes: >300 cM (LG1); 200-300 cM (LG2, LG3, LG4, LG5, and LG6); 100-200 cM (LG7 and LG8); and <100 cM (LG9, LG10, and LG11). Because the total genetic distance (2670 cM) represents the cumulative distance between the 412 markers assigned to an LG, the average marker density is calculated to be 6.43 cM. Sixty-seven of 412 markers (18.4%) were so tightly linked that no recombinants were observed among the 94 RILs, whereas only 9 of 412 markers (2.1%) are separated by more than 25 cM. Only two pairs of markers show map distances >30 cM and these are found on LG4 (31.1 cM) and LG7 (31.6 cM).
Distribution of markers along the map
The distribution of markers within the LGs was not random. The χ 2 test for goodness of fit showed that all of the LGs contained an interval in which the number of markers found was significantly higher than expected assuming a random distribution (at P ≤ 0.05). There is a tendency for marker clustering mainly at two levels. First, there is a tendency for clustering of markers of the same type. This can be seen by comparing those derived by AFLP analysis versus RFLP or RAPD analysis. Second, within the AFLP markers, those generated by amplification reactions using selective primers with a particular combination of selective specific bases (e.g., EcoRI primers with CCA or CCT as their selective bases) tend to cluster. The first level of clustering is best illustrated in LG1, whereas the second level of clustering is evident in LG3 (Fig. 2) .
Genes conferring resistance to Striga are located on LG1 and LG6
We have previously reported the identification of a number of AFLP markers linked to genes conferring resistance to race 1 or 3 of the parasitic weed Striga gesnerioides (Ouédraogo et al. 2001 ; J.T. Ouédraogo, J.B. Tignegre, M.P. Timko, and F.J. Belzile, manuscript in preparation). To locate the Striga resistance genes on the integrated cowpea genetic map, we tested the corresponding primer pairs on the parents of the mapping population ('IT84S-2049' and '524B') to see if some or all of the markers could be used on this set of parents. Nine of the 48 primer combinations tested revealed a polymorphism identical to that observed between the parents of the populations segregating for resistance to Striga thereby allowing us to place these markers on the map (Fig. 3) . Six of these markers (AAC-CAA-5, ACT-CAA-8, ATC-CTA-9, ATC-CTA-10, ACA-CAG-4, and ATG-CAC-1) mapped to the lower portion of LG1. These markers are linked to the S. gesnerioides race 1 and race 3 resistance genes found in the resistant cowpea lines 'B301', 'IT82D-849', and 'Tvu 14676' (Ouédraogo et al. 2001) . Three other markers linked to Striga resistance genes (AGA-CAG-1, AGA-CAG-3, and AAG-CTT-10) mapped to LG6. These markers are linked to the S. gesnerioides race 1 resistance genes found in cultivars Gorom and IT81D-994 (J.T. Ouédraogo, J.B. Tignegre, M.P. Timko, and F.J. Belzile, manuscript in preparation).
Mapping of other resistance genes and biochemical characteristics
Like other food crops, cowpea is attacked by a variety of microbial, viral, and fungal pathogens and is a host for a number of insect pests. In addition to mapping loci conferring resistance to Striga, we were able to map loci for several other major cowpea pathogens. Blackeye cowpea mosaic potyvirus (BlCMV) and southern bean mosaic virus (SBMV) are seed-borne viruses that are distributed throughout the cowpea-producing regions of the world (Hampton et al. 1997) . 'IT84S-2049' is reported to be immune to at least 7 geographically and pathogenically diverse isolates of BlCMV, whereas '524B' was susceptible. B1CMV resistance mapped to the top of LG8, whereas SBMV resistance mapped to LG6. SBMV resistance was well separated from the Striga race 1 resistance gene also located on this LG. Cowpea mosaic virus (CPMV) and cowpea severe mosaic virus (CPSMV) are also significant pathogens of cowpea. Interestingly, resistance genes for CPMV and CPSMV both mapped to LG3, but were well separated, located at the bottom and top of the LG, respectively. CPSMV resistance mapped near a locus conferring resistance to Fusarium wilt (Fusarium oxysporum f. sp. tracheiphylum (E. F. Smith) W. C. Snyder & H. N. Hansen). Fusarium wilt has worldwide distribution and causes a major disease problem for cowpea, especially in irrigated areas such as California . The distance between the latter two loci is however quite large, thus giving no indication of clustering of resistance genes. Finally, plant-parasitic root-knot nematodes have a worldwide distribution and can severely damage cowpea and many other crop species, and the development of resistant cultivars is the major solution to this problem . Resistance to several root-knot nematodes (through the presence of the Rk 2 /Rk alleles) mapped to the bottom of LG1.
We have previously reported the characterization of RGAs from cowpea bearing similarity to resistance genes from various plant species containing conserved nucleotide-binding site (NBS) and LRR motifs (Gowda et al. 2000) . Although the biological function of these RGAs is unknown, we have been able to place markers associated with several of the classes onto the map to determine if they are located near any biological resistance and (or) tolerance function already characterized in cowpea. RFLP markers associated with RGA438, RGA490, and RGA468 map to the bottom of LG2. Markers H468a, H438a, and H490a correspond to a polymorphic HindIII fragment detected by all three probes, whereas H438b -H468b -H490b corresponds to a second and distinct polymorphic HindIII fragment detected by all three RGA probes (i.e., H468, H438, and H490). R468/490 refers to a polymorphic EcoRI fragment detected by both RGA468 and RGA490, R438 to a polymorphic EcoRI fragment detected by RGA438, and RV490 refers to a polymorphic EcoRV fragment detected only by RGA490.
Two other RGAs were also placed on the map. RLRR3-4T and RLRR3-4B correspond to RGAs detected by PCR amplification of genomic DNA using primer pairs based on conserved regions within the LRR of the Arabidopsis thaliana RPS2 gene that confers resistance to Pseudomonas syringae as described by Chen et al. (1998) . Markers associated with RLRR3-4T and RLRR3-4B mapped to LG9 and LG3, respectively.
Clustering of markers associated with these three RGAs is not surprising because RGA438, RGA468, and RGA490 identified similar hybridization patterns within the genomic digests of cowpea DNA and appear to be members of a multigene family (Gowda et al. 2000) . In contrast, RV434, detected as a polymorphic EcoRV fragment by hybridization with RGA434, is located on LG5. RGA434 hybridized to a subfamily of sequences distinct from those recognized by RGA438, RGA490, and RGA468. In neither case were the RGAs associated with a locus conferring resistance to any of the diseases or pests that have been studied.
Among the biochemical traits placed on the map is a specific dehydrin protein (DHN1) in cowpea seed. DHN1 has been associated with chilling tolerance at emergence (Ismail et al. 1997 (Ismail et al. , 1999 . In the present map, dehydrin mapped to LG2, whereas in the previous map (Menéndez et al. 1997) this marker was located on LG7.
Discussion
Polymorphism rate and segregation analysis
In previous attempts to generate a comprehensive genetic map for cowpea, both RAPD and RFLP analyses were employed, with only a very limited analysis carried out using AFLPs (Menéndez et al. 1997) . In these earlier studies, AFLPs were not found to be more effective than RAPDs in detecting polymorphisms, with approximately 12% of the primers tested revealing polymorphisms. With more extensive analysis, we have found that AFLP analysis can be effective depending on the nature of the selective primer combinations used in the analysis. Consistent with the earlier report of Menéndez et al. (1997) , most primer combinations detected polymorphisms at approximately 12% of the loci. However, with several primer combinations we were able to detect polymorphisms at levels between 14 and 20%. Clearly, the determining factor in the efficiency of the AFLP technique as applied to cowpea is the selection of the primer combination.
As expected for a RIL population, most of the AFLP markers analyzed segregated with the predicted 1:1 ratio. Nevertheless, 20% of the markers presented a distorted segregation. This is less than the value reported for RILs (39.4 ± 2.5%) by Xu et al. (1997) who examined 53 different populations with known number of distortedly segregating markers. Higher percentages of distortion were observed with interspecific populations. Menancio-Hautea et al. (1993) and Ky et al. (2000) reported segregation distortions of 22 and 30% in cowpea and coffee, respectively. The reasons for this distortion phenomenon remain unclear, al- LGs that comprise the genetic linkage map of cowpea. Shown above each LG is the length in centimorgans (cM) and number of markers that comprise the LG. Distances (in cM) between adjacent markers are indicated to the left. Markers associated with LGs determined by Menéndez et al. (1997) are color-coded to show their distribution on the current map. Markers linked to Striga resistance are given in red and marked by an asterisk. Markers linked to loci conferring resistance or tolerance to pests or linked to RGAs are boxed in red. Markers that could not be placed with a LOD 3 score are listed under the LG they have the greatest affinity to. Unlinked markers are AAC-CTA-3, Parthcarp, AAC-CTT-10, ACA-CTA-7, ACG-CAA-10, AGG-CAT-1, R25, and AAG-CTT-9.
though some researchers have suggested that it may be due in part to aberrant pollination and fertilization (Zamir and Tadmor 1986; Foolad et al. 1995) , to sampling error, or to low population size (Lu et al. 1998 ). Another possible explanation for the observed high rate of skewed markers is the higher number of meioses experienced by RILs as compared with the two meioses leading from F 1 to the F 2 (Winter et al. 2000) . Marker distortion can lead to the joining of two dis-Genome Vol. 45, 2002 tantly linked markers or LGs and to an erroneous estimation of the physical distance between the gene of interest and the markers located next to it. This could create difficulties in map-based cloning (Michelmore et al. 1991; Winter et al. 2000) .
General features of the map
The current genetic linkage map of cowpea includes 412 markers on 11
LGs spanning a total of 2670 cM, rendering it the most extensive map for cowpea available to date. The previous map, based on the same population of RILs, covered 972 cM (Menéndez et al. 1997) . For some applications of genomic mapping such as map-based cloning, both precise gene order and high resolution of the linkage map are needed (Boehnke 1994) . Such a map can be obtained by constructing a framework map, which is a map made up of loci with interval support of at least LOD 3 (Liu 1998) . The average distance between markers is 6.5 cM. Because the physical size of the cowpea genome is estimated to be 613 × 10 6 bp, 1 cM would relate to 229 kb on average. This is less than the 360 kb for chickpea (Winter et al. 2000) or the 750 kb/cM for the high-density map of tomato (Tanksley et al. 1992) . In view of plans to proceed with the map-based cloning of certain loci of interest, this information will undoubtedly prove useful in judging the degree of marker density needed to ensure the timely completion of such an undertaking.
A new genomic region was detected and covered with the addition of many new AFLP markers to the linkage map.
LG1 contains a 580 cM region that was not covered by the markers used in the construction of the previous map. The RAPD primers used in the previous mapping work were probably not efficient enough to detect polymorphisms within that genomic region. AFLP analysis is very sensitive to polymorphism in the genome, with as little as 1-bp length differences in relatively short DNA fragments (50-1000 kb) being detectable (Qi et al. 1998) . Although AFLP analysis was used to generate markers during construction of the previous map, the primer combinations employed failed to detect a significant number of polymorphism and only 25 AFLP markers were obtained.
Besides increasing the genome coverage, many features of the previous map were changed. LG1 of the Menéndez et al. (1997) map was split, forming two new LGs designated LG1 and LG4. Similarly, the former LG2 gave rise to LG2 and LG3. The new LG2 and LG3 are composed of distinct portions of the former LG2 fused to the former LG10 and LG7, respectively. The new LG5 came from the joining of the former LG5 and LG8. Linkage groups 6-11 on the new map, correspond to LG3, LG4, LG6, LG9, LG12, and LG11, respectively, on the Menéndez et al. (1997) map (Fig. 2) . In the new genetic map, these previously recognized LGs were simply expanded in size by the addition of new markers. The interval distance of the new map remained 6.4 cM, similar to that of the map prepared by Menéndez et al. (1997) , despite the substantial increase in the number of markers incorporated.
A comparison of the present results with those of Menéndez et al. (1997) suggests that using a wide range of primer combinations is of paramount importance to achieve sufficient genome coverage with AFLP markers, especially in light of the tendency AFLP markers have to cluster in certain regions of the genome (see below). It is the increased coverage that has allowed us to identify an additional, previously unmapped region of the genome and to link previously unlinked linkage groups.
Distribution of markers along the map
The new AFLP markers generated in this study contributed to the construction of all 11 LGs and they were well integrated with the RFLP and RAPD markers defined in previous work (Menéndez et al. 1997) . However, the distribution of the AFLP markers within the map was not random. As reported by Young et al. (1999) , AFLP markers derived from the combination of the EcoRI + MseI selective primers are expected to form clusters in some specific genomic regions. Winter et al. (2000) also reported the clustering of AFLP markers in the chickpea genomic map, mainly in the centromeric regions. Qi et al. (1998) similarly reported an extreme non-uniform distribution of AFLP markers and a strong clustering of markers around the putative centromere in barley (Hordeum vulgare L.). Marker clustering seems to be more pronounced for AFLPs compared with RFLPs. The main reason for this clustering may be the higher sensitivity of the AFLP technique. There are a large number of repetitive sequences in the centromeric regions of the large genome of plants such as barley. The AFLP technique can detect small variations created by a 1-bp deletion or insertion in these repetitive sequences. The RFLP method will likely fail to detect such a variation (Qi et al. 1998) .
Markers linked to Striga and other pathogen or pest resistance genes
A direct application of genetic linkage maps has been in tagging genes of economic importance with molecular markers (Kumar 1999) . Besides the genes controlling chilling tolerance and seed weight mapped using the same population (Menéndez et al. 1997) , we report for the first time the mapping of AFLP markers linked to resistance genes to Striga gesnerioides. Because these markers were previously identified using parental lines different from those of the mapping population, one could question the homology of the fragments observed in two gels and two genotypes. The assumption that AFLP products that show the same mobility in gels are very likely homologous and locus specific has been supported by Rouppe van der Voort et al. (1997a Voort et al. ( , 1998 , who sequenced comigrating amplification products in potato (Solanum tuberosum L.). Analyzing 733 AFLP markers from five genotypes, 195 were assumed to be allelic because (i) they were generated with identical AFLP primer combinations, (ii) they showed an identical electrophoretic mobility, (iii) targeted the same genomic regions, and (iv) had identical nucleotide sequences. Waugh et al. (1997) used a genetic approach to estimate the location of a given marker relative to a number of others in three different segregating populations. These researchers found that 81 comigrating AFLP markers, segregating in more than one population, mapped to similar loci on the three barley genetic maps. Similarly Qi et al. (1998) analyzed 38 comigrating AFLP markers segregating in two populations and showed that they mapped to the same locus. These studies addressed the question of size vs. homology and showed that AFLP products of identical size in different individuals could be considered to identify homologous genetic loci.
Several resistance genes of interest have been mapped using a strategy of comigrating AFLP markers (Rouppe van der Voort et al. 1997b; Winter et al. 2000) . The markers we mapped were identified using lines different from the parental lines of the current mapping population. Those identified as being linked to the Striga resistance genes present in cultivars B301, Tvu 14676, and IT82D-849 mapped to LG1, whereas those revealed based on the cowpea lines 'Gorom' (Suvita-2) and 'IT81D-994' mapped to LG6. Resistance genes in each of these two groups of cultivars could be allelic or closely linked. These two genomic regions could be two clusters of resistance genes to different races of Striga gesnerioides. Clustering of resistance genes for different races of a pathogen has been reported in several plants including legumes (Kanazin et al. 1996; Yu et al. 1996; Michelmore 1996; Hammond-Kosack and Jones 1997) . Identification and mapping of these markers linked to different resistance genes to two major Striga gesnerioides races (1 and 3) open ways to their usage in marker-assisted selection and map-based cloning. For example, lines could be bred by pyramiding multiple resistance genes (conferring resistance to the same or different races of Striga) in a single cultivar, thus allowing such a cultivar to be grown in regions where different races of Striga predominate.
In conclusion, we have constructed a new genetic linkage map of the cowpea genome covering 2670 cM and containing 11
LGs. Markers linked to key biological resistance or tolerance traits have been mapped, including those conferring resistance to two different races of S. gesnerioides, rootknot nematodes, and several viral and fungal pathogens of cowpea. The creation of this improved map should facilitate the placement of other genes of agronomic importance characterized in this mapping population on this map.
